We report the synthesis and biological assessment of 1,3,4-oxadiazole substituted 24 derivatives as novel, potential antibacterial agents. The structures of the newly synthesized derivatives were established by the combined practice of UV, IR, 1 H NMR, 13 C NMR, and mass spectrometry. Further these synthesized derivatives were subjected to antibacterial activity against all the selected microbial strains in comparison with amoxicillin and cefixime. The antibacterial activity of synthesized derivatives was correlated with their physicochemical and structural properties by QSAR analysis using computer assisted multiple regression analysis and four sound predictive models were generated with good 2 , 2 adj , and Fischer statistic. The derivatives with potent antibacterial activity were subjected to molecular docking studies to investigate the interactions between the active derivatives and amino acid residues existing in the active site of peptide deformylase to assess their antibacterial potential as peptide deformylase inhibitor.
Introduction
Oxadiazoles are the heterocyclic compounds containing one oxygen and two nitrogen atoms in a five membered ring [1, 2] possessing a diversity of useful biological effects [3] .Oxadiazole is considered to be resultant from furan by replacement of two methane (-CH=) groups by two pyridine type nitrogen atoms (-N=) [2] . Several methods have been reported in the literature for the synthesis of 1,3,4-oxadiazoles. The commonly used synthetic route for 1,3,4-oxadiazoles includes reactions of acid hydrazides (or hydrazine) with acid chlorides/carboxylic acids and direct cyclization of diacylhydrazines using a variety of dehydrating agents such as phosphorous oxychloride [3] , thionyl chloride [4] , phosphorous pentaoxide [5] , triflic anhydride [6] , polyphosphoric acid [7] , and direct reaction of acid with (Nisocyanimino-) triphenylphosphorane [8] [9] [10] [11] .
Researchers have already reported that gram positive bacteria are much more susceptible to antimicrobial agents as compared to gram negative bacteria [12] . These differences may be attributed to the fact that the cell wall in gram positive bacteria is of single layer whereas the gram negative bacteria have multilayered cell wall. Gram negative bacteria possess an outer membrane and a unique periplasmic space which is not found in gram positive bacteria [13] . The resistance of gram negative bacteria towards antibacterial substances is due to more lipophilic nature of membrane, which acts as a barrier for various antimicrobial compounds. It was expected that hydrophilic compounds are unable to penetrate the cell membranes of these bacteria. Gram positive bacteria do not have such outer membrane and complex cell wall structure. Antibacterial substances can easily destroy the bacterial cell wall and cytoplasmic membrane of gram positive bacteria, which results in leakage of the cytoplasm [14] .
Peptide deformylase (PDF) is a vital and extremely conserved enzyme, belongs to a subfamily of metalloprotease [15] , and has emerged out as a target of efforts to develop novel antibacterial agents [16] . It embraces iron and is responsible for protein maturation by the exclusion of the N-formyl group from the terminal methionine residue through Fe 2+ mediated catalysis which leads to inhibition of protein synthesis in bacteria [17] .
Computational studies are the crucial steps in the drug designing. There are numerous areas of computational studies and one of them is identification of relationships between chemical structures and properties and recognized as QSAR. Quantitative structural activity relationship practices molecular parameters to enumerate a pharmacological or chemical property for a set of molecules [18] .
Docking study is the computational routine to determine probable binding manners of a ligand to the dynamic site of a receptor. It makes an image of the dynamic site with interaction points known as grid. Then it fits the ligand in the binding site either by grid search or energy search [19] .
In the present paper, we have explored substituted 1,3,4-oxadiazole derivatives as antibacterial agents with the support of QSAR and molecular docking studies by targeting the enzyme peptide deformylase.
Chemistry
The substituted aromatic acids were used as a versatile starting material for the synthesis of 1,3,4-oxadiazoles derivatives involving the formation of corresponding esters and hydrazides. Ethyl esters were synthesized from substituted aromatic acids by means of Fischer esterification which were further reacted with hydrazine hydrate in presence of ethanol to get corresponding hydrazide derivative. The hydrazide derivatives then reacted with -benzoyl propionic acid in the presence of phosphorus oxychloride (cyclodehydrating agent) to get final compounds 6a-h ( Figure 1 ). The chemistry of compounds 8a-h was already reported in our previous studies [20] . The substituted aromatic acid hydrazides from obenzoyl benzoic acid reacted with aromatic aldehydes under slight acidic conditions to get the substituted hydrazone derivatives which were then cyclized in presence of bromine, acetic acid, and sodium acetate to get 1,3,4-oxadiazole derivatives (13a-h) ( Figure 2 ). Reaction monitoring was done by means of thin layer chromatography (TLC). All the new synthesized compounds were characterized by melting point and spectroscopic analysis (UV-Visible, IR, 1 H NMR, 13 C NMR, and MS).
Experimental Section

Material and Method.
Reagent and solvents used were obtained from commercial sources. Analytical thin layer chromatography was carried out on TLC plates of 3 × 15 cm coated with silica gel G for reaction monitoring and for determination of retardation factor. Spots of TLC were located by iodine chamber. Melting points of newly synthesized derivatives were determined on digital melting point apparatus (Flora; Perfit, India) and were found uncorrected ( Table 2) . The max was calculated by using double beam UV-Visible 1800 Shimadzu spectrophotometer and the values are given in Table 2 . The IR spectra were recorded on FTIR-Shimadzu spectrometer using Nujol method.
1 H NMR and 13 C NMR spectra were recorded on BRUKER AVANCE II 400 NMR spectrometer operating at 400 MHz and 125 MHz, respectively, using CDCl 3 , chemical shift values were expressed in ppm. For mass spectra, solutions were made in HPLC grade methanol and spectra were obtained with Vg-11-250J70S spectrophotometer at 70 eV using electron ionization (EI source). Chem 3D Ultra (version 10) was employed for structural similarity studies. QSAR studies were performed by multiple linear regression analysis using Analyze-it version 3.0 software. Molegro Virtual Docker 5.0.0. software was employed for the molecular docking studies.
General Procedure for the Synthesis of 1-(4-Methoxy
Aryl hydrazide 2a (1 M) was dissolved in phosphorous oxychloride (5 mL) and to it compound 5 (equimolar; 1 M) was added. The reaction mixture, after refluxing for 6-7 hours, was cooled to room temperature and poured onto crushed ice. On neutralization of the contents with sodium bicarbonate solution (20%), a solid mass separated out. This was filtered and washed with water. It was crystallized by using methanol to give 6a. Similarly compounds (6b-h) were prepared ( Figure 1 ) [21, 22] . The corresponding R for 6a-h is given in Table 1 . 
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General Procedures for the Synthesis of [2-(5-Substitutedphenyl-[1,3,4]oxadiazol-2-yl)-phenyl]-phenyl-methanone (13a-h).
A mixture of 12a (0.01 M), anhydrous sodium acetate (0.02 M), and glacial acetic acid was placed in round bottomed flask equipped with separating funnel for the addition of bromine. Bromine (0.8 mL in 5 mL of glacial acetic acid) was added slowly to it while stirring magnetically. After 2 hours of stirring the solution was poured on crushed ice. The resulting solid was separated, dried, and recrystallized from ethyl alcohol. Similarly compounds (13b-h) were prepared ( Figure 2 ) [23] . The corresponding R for 13a-h is given in Table 1 . 
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Antibacterial Evaluation
4.1. Antibacterial Activity. The antibacterial evaluation was carried out by using agar cup-plate method. The microorganisms Escherichia coli, Pseudomonas aeruginosa, Staphylococcus epidermidis, and Staphylococcus aureus were used for the antibacterial evaluation. Nutrient agar media were prepared and then inoculated with fresh prepared culture media. The inoculated media were poured into Petri dish and allowed to set. Cups were made by punching the agar surface with a sterile cork bore (8 mm). Solutions containing 10, 12.5, 25, 50, 100, 200, 400, 800, and 1600 g/mL of the test derivatives in dimethyl formamide (DMF) were added to each cup. Amoxicillin and cefixime were taken as positive control and DMF was taken as blank. The plates were incubated at 37 ∘ C for 24 hours and the results were recorded. The zones of inhibition of the microbial growth produced by different concentration of test compounds were measured in millimeters [24, 25] . The zone of inhibition data for antibacterial compounds is summarized in Table 3 .
Minimum Inhibitory Concentration (MIC).
Nutrient agar was prepared, sterilized, and cooled to 45 ∘ C with gentle shaking to bring about uniform cooling. It was inoculated with 0.5-0.6 mL of culture and mixed well by gentle shaking before pouring into the sterilized petri dishes. The poured materials were allowed to set and thereafter the cups were made by punching into the agar surface with sterile cork borer and scooping out the punched part of the agar. 0.1 mL of each test compounds was added into the cups with the help of sterile syringe. Twofold diluted solutions of the compounds and reference drugs were used (6.5, 12.5, 25, 50, 100, 200, 400, 800, and 1600 g/mL). The drug solutions were allowed to diffuse for some time into the medium. The plates were incubated at 30-35 ∘ C for 24-48 hours. The incubation chamber was kept sufficiently humid. MIC values were determined at the end of the incubation period. The MIC values for synthesized compounds are summarized in Table 4 and graphical representation of MIC of synthesized 1,3,4-oxadiazole derivatives and standard drugs against gram negative and gram positive bacterial strains are given in Figures 3 and 4 (Table 4) , respectively [24, 25] .
QSAR Analysis.
The compounds were analyzed by multiple regression analysis, a QSAR approach using different physicochemical parameters as independent and biological activity as dependent variables [26] . Multiple linear regression efforts to maximize the fit of the data to a QSAR model for the biological activity by correcting each of the existing parameters. Successive regression models will be generated in which parameters will be either added or removed until the maximum 2 and minimum S are obtained. The extent of coefficients obtained in this routine specifies the virtual contribution of the associated parameters to biological activity. Biological activity data was converted to the logarithmic value. The biological activities used in the present studies were expressed as pMIC 50 ; logarithm of a reciprocal concentration for 50% inhibition where MIC 50 is the minimum inhibitory concentration of the compounds producing 50% reduction in the effect caused by bacteria (Escherichia coli, Pseudomonas aeruginosa, Staphylococcus epidermidis, and Staphylococcus aureus) is stated as a mean of at least three experiments for 24 compounds [26, 27] .
The physicochemical parameters were computed (Table 5 ) using Chem 3D Ultra 10 after energy minimization to minimum root mean square (RMS) gradient of 0.100 kcal/moleÅ by MOPAC software package. The parameters Log P, SAS, MR, ovality, MSA, and MW were selected in QSAR studies which are having significant effect on biological activity. The newly synthesized 1,3,4-oxadiazoles derivatives were computationally designed and optimized to investigate the interactions between the target compounds and the amino acid residues of the E. coli PDF.Ni enzyme by molecular docking [15] . Target compounds were docked into active site of PDF (PDB code 1G2A) using MVD (version 5.0.0.) software to observe the affinity for the enzyme and also compared their binding energies with standard drugs such as amoxicillin and cefixime.
Results and Discussion
Chemistry.
The structures of all the newly synthesized derivatives were confirmed by chromatographic and spectroscopic (IR, 1 H-NMR, 13 C NMR, and mass) methods. Both analytical and spectral data of all the synthesized derivatives were in full agreement with the proposed structures. The characteristic C=N band (1680-1520 cm −1 ) of medium intensity and a medium-strong band at 1300-1050 cm −1 were identified in each IR spectra; the latter could be attributed to the C-O-C vibration or heteroatom ring deformation of the oxadiazole ring.
1 H NMR showed characteristic doublets at (7.8-8.2) and 7.0-7.1) due to aromatic protons of p-methoxy phenyl for derivatives (6a-h). The presence of two methylene groups was confirmed by presence of doublets at (3.0-3.2) and (2.8-3.0). All the other aliphatic and aromatic protons were observed within the expected regions.
13 C data also supported the structures of the synthesized derivatives. In the mass spectra, molecular ions of medium intensity and the base peak usually belonged to the corresponding acylium ions and nitrile radical ions, which are formed by the cleavage of heteroatom ring. Both of these have been reported as a characteristic for this family. This part concluded the synthesis of 1,3,4-oxadiazole derivatives.
Antibacterial Activity.
The antibacterial activity of the synthesized derivatives was carried out by agar cup plate method and the average radius of zone of inhibition (mm) and MIC ( g/mL) were recorded in comparison with amoxicillin and cefixime. The zone of inhibition of 6e (27.82 ± 0.16, 20.63 ± 0.16, 24.6 ± 0.11, and 25.86 ± 0.17 at 400 g/mL), 8h (28.97 ± 0.16, 23.9 ± 0.1, 26.04 ± 0.14, and 26.91 ± 0.19 at 1600 g/mL), 13b (28.95 ± 0.18, 18.11 ± 0.11, 26.16 ± 0.18, and 26.9±0.14 at 200 g/mL), 13c (28.15±0.18, 22.13±0.15, 27.08 ± 0.24, and 28 ± 0.08 at 200 g/mL), and 13e (28.01 ± 0.18, 22.17 ± 0.2, 28.34 ± 0.24, and 28.08 ± 0.07 at 200 g/mL) was found to be good which is comparable with zone of inhibition of amoxicillin (30 ± 0.1, 13.99 ± 0.23, 18.12 ± 0.12, and 32.06 ± 0.22 at 800 g/mL) and cefixime (22.18 ± 0.22, 12 ± 0.38, 12.03 ± 0.19, and 20.03 ± 0.15 at 800 g/mL) indicated that these derivatives have potent antibacterial activity. No inhibitory effect was observed for DMF. All the derivatives were found to be active against Pseudomonas aeruginosa and Staphylococcus aureus. The zone of inhibition and MIC and zone of inhibition of all the synthesized derivatives is summarized in Table 3 ( Figure 3 ) and Table 4 (Figure 4) , respectively.
An introspection of the active compounds revealed that different structural features of the compounds have more influence on biological activity. Three starting materials which have been selected for design and development of novel substituted 1,3,4-oxadiazole derivatives include methoxy benzene (anisole), N-phenyl anthranilic acid, and obenzoyl benzoic acid.
(i) All these have a significant influence on increase of lipophilicity, which is responsible for the better activity of the tested compounds, may be due to easy penetration of compounds in the microbial cell membrane. The inclusion of an oxadiazole moiety in the synthesized compounds also showed high lipophilicity, hypothesizing that this lipophilicity could facilitate passage of these compounds through the bacterial membrane. All synthesized compounds have significant logP (octanol-water partition coefficient) which affect drug absorption, distribution, bioavailability, drug-receptor interactions, metabolism, and toxicity profile. (ii) At one side of 1,3,4-oxadiazole nucleus substitution with phenyl ring or bulkier aromatic groups may also offer significant increase in the biological activity.
(iii) The antimicrobial activity results indicated that the presence of electron-withdrawing halogen groups and nitro group at para and ortho position of the phenyl ring improved their biological activity. On the basis of biological data, improvement in biological activity was observed with an increase in electronegativity of the molecule due to the presence of halogen group (6e, 6f, 8e, 8f, and 13b) and nitro group (6h, 8h, 13c, and 13g).
QSAR Studies.
Multilinear regression is one of the vital method of quantitative structure activity relationship which is used for displaying linear correlation among a dependent variable Y (biological activity; MIC 50 ) and independent variable X (physicochemical parameters). 
QSAR Model for Antibacterial Activity against
Here and hereafter, 2 : coefficient of correlation, The observed and predicted antibacterial activity of synthesized 1,3,4-oxadiazole derivatives against Escherichia coli are summarized in Table 6 and plot of observed and predicted antibacterial activity is given in Figure 5 . 
QSAR Model for Antibacterial
The observed and predicted antibacterial activities of synthesized 1,3,4-oxadiazole derivatives against Pseudomonas aeruginosa are summarized in Table 6 and plot of observed and predicted antibacterial activity is given in Figure 5 . 
The observed and predicted antibacterial activities of synthesized 1,3,4-oxadiazole derivatives against Staphylococcus aureus are summarized in Table 7 and plot of observed and predicted antibacterial activities is given in Figure 5 . 
The observed and predicted antibacterial activities of synthesized 1,3,4-oxadiazole derivatives against Staphylococcus epidermidis are summarized in Table 7 and plot of observed and predicted antibacterial activities is given in Figure 5 . Plot of predicted pMIC 50 values against observed pMIC 50 for QSAR model of all bacterial strains is given in Figure 5 .
From the above mentioned QSAR models the following observations can be drawn.
(i) The biological activity has shown dependence on LogP, SAS, MR, ovality, MSA, and MW.
(ii) The aromatic substituents like methoxy benzene (6a-h), N-phenyl anthranilic acid (8a-h), and o-benzoyl benzoic acid (13a-h) in addition to 1,3,4-oxadiazole moiety which resulted in increased lipophilicity leads to better biological activity. 
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and S. epidermidis, could be used for the prediction of biological activities of unknown and unavailable compounds of this class.
Molecular Docking Studies.
The results of docking study of synthesized 1,3,4-oxadiazole derivatives (Table 7 ) (Figures 6, 7, 8, and 9) with peptide deformylase depicted the hydrogen bonding interactions with Lys 150 (6e, 6f, 8e, 8f, 8h, 13c, and 13e), Lys 157 (13e), Arg 97 (13b and 13c), and Arg 153 (13e and 13g). The amino acids Lys 150 and Arg 153 were involved in interaction with the standard drugs (cefixime and amoxicillin) as well as the synthesized 1,3,4-oxadiazole derivatives. The docking score of derivatives 6f, 8e, 8f, 8h, and 13e was found to be higher than amoxicillin and 13e was found to have the highest dock scoring derivative than that of amoxicillin and cefixime. In synthesized 1,3,4-oxadiazole derivatives replacement of free carboxylic group by oxadiazole nucleus enhanced the receptor interaction by formation of numerous hydrogen bonds and favourable steric interactions with peptide deformylase. These results could be used for the development of novel, potent, and effective antimicrobial agents.
The carbonyl, nitro, and 1,3,4-oxadiazole functionalities (acting as acceptor), whereas -NH-and hydroxyl group (acting as donor) in the synthesized derivatives have played very imperative position in ligand-receptor interaction for the creation of numerous hydrogen bonds. Insertion of electron withdrawing 1,3,4-oxadiazole offers an upgraded -electron delocalization across the donor-acceptor links and affords significant electron transportation. Results also revealed that the hydrogen bond distance is important in docking studies. The distance more than 3.2Å indicates feeble hydrogen bonding between ligand and receptor, 2.6Å-3.2Å represents virtuous hydrogen bonding, and less than 2.5Å indicates robust bonding. Almost all the active derivatives showed good hydrogen bonding with enzymes.
Conclusion
Among all the synthesized derivatives 6e, 6f, 13b, 86, 8f, 8h 13c, and 13e were observed as the best antibacterial agents against all the selected microbial strains. While studying MIC against bacterial strains, compound 13b with p-chloro and 13e with m-methoxy and p-hydroxyl substitutions were found to be the most active among all the derivatives. In developed QSAR models, six physicochemical parameters (LogP, SAS, MR, ovality, MSA, and MW) were instituted to be important for the antibacterial activity. All the developed models have good coefficient of correlation (0.796-0.885), coefficient of determination (0.616-0.815), and cross validated 2 (0.792-0.888) with good Fischer statistics (3.94-12.02 ). Among all the synthesized compounds 13e was found to be most potent peptide deformylase inhibitor with the highest dock score (−153.44) than that of amoxicillin and cefixime.
